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ABSTRACT: We design and synthesize four fused-ring
electron acceptors based on 6,6,12,12-tetrakis(4-hexylphen-
yl)-indacenobis(dithieno[3,2-b;2′,3′-d]thiophene) as the elec-
tron-rich unit and 1,1-dicyanomethylene-3-indanones with 0−
2 ﬂuorine substituents as the electron-deﬁcient units. These
four molecules exhibit broad (550−850 nm) and strong
absorption with high extinction coeﬃcients of (2.1−2.5) × 105
M−1 cm−1. Fluorine substitution downshifts the LUMO energy
level, red-shifts the absorption spectrum, and enhances
electron mobility. The polymer solar cells based on the
ﬂuorinated electron acceptors exhibit power conversion
eﬃciencies as high as 11.5%, much higher than that of their
nonﬂuorinated counterpart (7.7%). We investigate the eﬀects
of the ﬂuorine atom number and position on electronic
properties, charge transport, ﬁlm morphology, and photovoltaic properties.
■ INTRODUCTION
Organic solar cells (OSCs) are considered to be one of the
promising alternatives to silicon-based solar cells since they
present unique features, such as low processing cost, semi-
transparency, ﬂexibility, and light weight.1−3 For a long period
of time, OSCs mainly employed fullerene derivatives (e.g.,
PC61BM and PC71BM) as electron acceptors which, paired with
electron donating polymers or small molecules, have
successfully achieved power conversion eﬃciencies (PCEs)
over 11%.4−7 However, fullerene derivatives suﬀer from several
shortcomings, such as poor absorption in the visible region,
limited tunability of energy levels, and morphology instability,
which hinder the further development of OSCs. On the other
hand, nonfullerene electron acceptors possess advantages over
their fullerene counterpart, such as enhanced absorption in the
visible and even near-infrared (NIR) region, tunable energy
levels, good device stability, and easy synthesis and puriﬁcation.
For all these reasons, rapid progress has been made with these
nonfullerene electron acceptors, which have led to impressive
PCEs.8−35
R e c e n t l y , i n d a c e n o d i t h i o p h e n e ( IDT) - a n d
indacenodithieno[3,2-b]thiophene (IDTT)-based fused-ring
electron acceptors (FREAs) have attracted considerable
attention.36−51 These FREAs exhibit broad and strong
absorption, suitable lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
energy levels, and high electron mobility. OSCs based on these
FREAs have exhibited high PCEs with small energy loss51 and
good device stability.37 Most of these FREAs, such as ITIC,36
ITIC-Th,37 and IDIC,38,48 are based on IDT or IDTT donor
unit and 1,1-dicyanomethylene-3-indanone (IC) acceptor unit.
In this work, we design and synthesize an electron-rich unit
6,6,12,12-tetrakis(4-hexylphenyl)- indacenobis(dithieno[3,2-
b;2′,3′-d]thiophene) (IBDT) and three electron-deﬁcient
units ﬂuorinated IC, to construct a small library of four
FREAs (INIC series) based on IBDT end-capped with IC or
ﬂuorinated IC (Chart 1, Scheme 1). Our molecular design
rationale is as follows. First, IBDT has larger rigid and coplanar
structure and stronger electron-donating ability than IDT and
IDTT, both of which are beneﬁcial to enhancing the absorption
and charge transport. Second, ﬂuorinated IC has stronger
electron-withdrawing ability than IC due to strong electro-
negativity of ﬂuorine atom, and promotes intermolecular
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interactions through forming noncovalent F−S and F−H
bonds, which is favorable for charge transport.52−54 Third,
“acceptor−donor−acceptor” structure in INIC series can
induce intramolecular charge transfer and lead to broad and
strong absorption throughout the visible and even NIR region
(500−850 nm). Indeed, our results show that ﬂuorinated INIC
exhibit lower energy levels, red-shifted absorption, and higher
electron mobility than nonﬂuorinated INIC. Furthermore,
nonfullerene OSCs based on ﬂuorinated INIC electron
acceptor and a wide-band-gap polymer donor FTAZ55 (Chart
1) exhibit PCEs as high as 11.5%, signiﬁcantly higher than that
of nonﬂuorinated INIC (7.7%). More importantly, with this
series, we are able to investigate the eﬀects of the number of
ﬂuorine atoms and their positions on electronic properties,
charge transport, ﬁlm morphology, and photovoltaic properties.
■ RESULTS AND DISCUSSION
Synthesis and Characterization. The ﬂuorinated IC
moieties (2, 4, and 7) were synthesized from corresponding
monoﬂuorinated or diﬂuorinated indanedione (1, 3, and 6) and
malononitrile (Scheme 1). Compound 4 is a mixture of two
isomers, which was diﬃcult to separate. Thus, we used them
together for the ﬁnal condensation reaction without separation.
Stille coupling reaction between compounds 8 and 9 with
Pd(PPh3)4 catalyst yielded compound 10. A double nucleo-
philic addition of (4-hexylphenyl)magnesium bromide to the
ester groups in 10, followed by intramolecular cyclization via
acid-mediated Friedel−Crafts reaction aﬀorded IBDT (11).
Compound 11 was lithiated by n-butyllithium in THF solution
at −78 °C, then quenched by dry DMF to aﬀord aldehyde 12.
INIC, INIC1, INIC2 and INIC3 were synthesized using
Knoevenagel condensation reactions between IC, 2, 4, 7 and
aldehyde 12, respectively. The new compounds were fully
characterized by spectroscopic methods and elemental analysis
(see the Supporting Information).
The four INIC series compounds exhibit good solubility in
organic solvents, such as chloroform (CF) and o-dichlor-
obenzene (DCB). The thermal stability of these four molecules
was investigated using thermogravimetric analysis (TGA)
(Figure S1, Supporting Information). The TGA curves of
four compounds show decomposition temperatures (Td, 5%
weight loss) varying from 302 to 342 °C, which indicate good
thermal stability.
The UV−vis absorption spectra of INIC, INIC1, INIC2, and
INIC3 were measured in chloroform solution and thin ﬁlms. In
solution, four molecules show similar absorption spectra shapes
with peaks from 692 to 710 nm (Figure 1a), and similar molar
extinction coeﬃcients from 2.1 × 105 to 2.5 × 105 M−1 cm−1 at
maximum absorption peaks (Table 1). In thin ﬁlms, all four
molecules show red-shifted and broader absorption spectra
than their solutions. The absorption peaks of these four
compounds red shift gradually from 706 to 744 nm (Figure
1b). Fluorination red-shifts the absorption of INIC: INIC2 with
F at meta-position exhibits red-shifted absorption relative to
INIC1 with F at ortho-position, and INIC3 with two F atoms
exhibits red-shifted absorption relative to INIC1 and INIC2
with one F atom. The optical band gaps of INIC, INIC1,
INIC2, and INIC3 are calculated to be 1.57, 1.56, 1.52, and
1.48 eV from the absorption edge, respectively (Table 1).
Chart 1. Chemical Structures of INIC Series and FTAZ
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Cyclic voltammetry (CV) was employed to investigate the
electrochemical properties of INIC, INIC1, INIC2, and INIC3
(Figure 1c). Four compounds exhibit irreversible reduction
waves and quasi-reversible oxidation waves. The HOMO and
LUMO energy levels are calculated from the onset oxidation
and reduction potentials, assuming the absolute energy level of
FeCp2
+/0 to be 4.8 eV below vacuum. The HOMO levels of
INIC, INIC1, INIC2 and INIC3 are estimated to be −5.45 eV
to −5.54 eV and LUMO levels are −3.88 eV to −4.02 eV
(Figure 1d, Table 1). The ﬂuorination downshifts the molecular
HOMO and LUMO levels. Speciﬁcally, INIC3 with two
ﬂuorines has lower LUMO level than INIC1 and INIC2 with
one ﬂuorine, whereas three ﬂuorine-modiﬁed molecules show
similar HOMO levels. The band gaps of INIC, INIC1, INIC2,
and INIC3 estimated from the CV data are 1.57, 1.57, 1.54, and
1.50 eV, respectively, similar to the optical band gaps.
The electron mobilities of four compounds were measured
using the space charge-limited current (SCLC) method (Figure
S2). The electron mobilities of INIC, INIC1, INIC2 and INIC3
are 6.1 × 10−5, 1.0 × 10−4, 1.2 × 10−4, and 1.7 × 10−4 cm2 V−1
s−1, respectively (Table S1). Fluorinated compounds, partic-
ularly diﬂuorinated INIC3, exhibit higher mobility.
Photovoltaic Properties. Our previously reported wide-
band-gap (2.00 eV) polymer donor FTAZ exhibits strong
absorption at 400−620 nm with a molar extinction coeﬃcient
of 9.8 × 104 M−1 cm−1, which is complementary with
absorption of INIC series (Figure S3).55 The energy levels of
FTAZ (HOMO = −5.38 eV; LUMO = −3.17 eV) match with
those of INIC series (Figure 1d). FTAZ exhibits a high hole
mobility of 1.2 × 10−3 cm2 V−1 s−1,56 matching with those of
INIC series (Table S1). Thus, we used FTAZ as a donor and
INIC series as acceptors to fabricate bulk heterojunction (BHJ)
OSCs with a structure of indium tin oxide (ITO)/ZnO/
FTAZ:acceptor/MoOx/Ag. The optimized FTAZ/acceptor
weight ratio is 1:1.5 (Table S2). The optimized 1,8-
diiodooctane (DIO) content is 0.25% DIO (v/v) (Table S3).
Table 2 summarizes the open circuit voltage (VOC), short
circuit current density (JSC), ﬁll factor (FF), and PCE of the
optimized devices. The current density−voltage (J−V) curves
of the best PSCs are shown in Figure 2a.
Scheme 1. Synthetic Routes for INIC, INIC1, INIC2, and INIC3
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Fluorination of INIC decreases average VOC of OSCs from
0.957 to 0.857 V, which is consistent with the trend of lowering
LUMO by ﬂuorination in INIC series. The OSCs based on
nonﬂuorinated INIC show average JSC value of 13.51 mA cm
−2,
while ﬂuorination of INIC enhances average JSC to 16.63−19.44
mA cm−2. In particular, the OSCs based on diﬂuorinated INIC3
show the highest JSC of 19.68 mA cm
−2. The trend in ﬁll factor
(FF) is similar to that in JSC. The OSCs based on
nonﬂuorinated INIC show average FF value of 57.9%, while
ﬂuorination of INIC enhances average FF to 64.3%−67.4%. In
particular, the OSCs based on diﬂuorinated INIC3 show the
highest FF of 68.5%. The best PCE of the OSCs based on
nonﬂuorinated INIC is 7.7%, while the best PCE of the OSCs
based on monoﬂuorinated INIC1 and INIC2 is 10.1% and
10.8%, respectively. The OSCs based on diﬂuorinated INIC3
show the best performance: VOC of 0.852 V, JSC of 19.68 mA
cm−2, FF of 68.5%, and PCE of 11.5%. Clearly, ﬂuorination of
INIC signiﬁcantly enhances the performance of nonfullerene
OSCs. The photon energy loss (Eloss) is calculated using the
formula Eloss = Eg − eVOC.
57,58 The Eloss values of the OSCs are
0.61−0.63 eV, which are relatively small.
The external quantum eﬃciency (EQE) spectra of the
optimized devices are shown in Figure 2b. The OSCs based on
these four INIC acceptors show broad photoresponse
extending from 300 to 850 nm. The maximum EQE values
of INIC, INIC1, INIC2 and INIC3-based devices are 62.6%,
Figure 1. (a) UV−vis absorption spectra of INIC, INIC1, INIC2, and INIC3 in chloroform and (b) as a thin ﬁlm; (c) cyclic voltammograms for
INIC, INIC1, INIC2, and INIC3; and (d) energy levels for FTAZ, INIC, INIC1, INIC2, and INIC3.
Table 1. Absorption and Energy Levels of INIC, INIC1, INIC2, and INIC3
compd Td (°C)
a λs,max (nm)
b λf,max (nm)
c εmax (M
−1 cm−1)d Eg
opt (eV)e HOMO (eV)f LUMO (eV)g Eg
cv (eV)h
INIC 311 692 706 2.1 × 105 1.57 −5.45 −3.88 1.57
INIC1 302 710 720 2.2 × 105 1.56 −5.54 −3.97 1.57
INIC2 342 704 728 2.1 × 105 1.52 −5.52 −3.98 1.54
INIC3 327 710 744 2.5 × 105 1.48 −5.52 −4.02 1.50
aDecomposition temperature measured from TGA. bAbsorption maximum in solution. cAbsorption maximum in ﬁlm. dMolar extinction coeﬃcient
at λmax in solution.
eOptical band gap calculated from the absorption edge of thin ﬁlm. fHOMO energy level estimated from the onset oxidation
potential. gLUMO energy level estimated from the onset reduction potential. hHOMO−LUMO gap estimated from CV.
Table 2. Performance of the Optimized OSCs Based on FTAZ/Acceptor
PCE (%)
devicea VOC (V) JSC (mA cm
−2) FF (%) best avgb calculated JSC (mA cm
−2) Eloss (eV)
FTAZ/INIC 0.957 ± 0.006 13.51 ± 0.18 57.9 ± 1.3 7.7 7.5 13.00 0.61
FTAZ/INIC1 0.929 ± 0.003 16.63 ± 0.06 64.3 ± 0.4 10.1 9.9 15.93 0.63
FTAZ/INIC2 0.903 ± 0.004 17.56 ± 0.20 66.8 ± 0.9 10.8 10.6 17.17 0.62
FTAZ/INIC3 0.857 ± 0.003 19.44 ± 0.24 67.4 ± 1.0 11.5 11.2 19.13 0.62
aFTAZ/acceptor = 1:1.5 (w/w), 0.25% DIO (v/v). bAverage PCEs are obtained from 10 devices.
Journal of the American Chemical Society Article
DOI: 10.1021/jacs.6b12755
J. Am. Chem. Soc. 2017, 139, 1336−1343
1339
71.5%, 75.8 and 77.0%, respectively, indicating eﬃcient charge
generation and collection. In the NIR region, the IPCE spectra
are broadened and enhanced gradually from INIC to INIC1,
INIC2 and INIC3, resembling the absorption proﬁle of the four
INIC acceptors in the NIR region (Figure 1b). The JSC values
of INIC, INIC1, INIC2 and INIC3-based devices calculated
from integration of the EQE spectra with the AM 1.5G
reference spectrum are 13.00, 15.93, 17.17, and 19.13 mA cm−2,
respectively, which are in good agreement with JSC values
measured from J−V (the error is <5%, Table 2).
To probe the exciton/charge dynamics, we measured the
photocurrent density (Jph) versus the eﬀective voltage (Veff) to
study the charge generation, dissociation and extraction
properties. Jph is deﬁned as JL − JD, where JL and JD are the
photocurrent densities under illumination and in the dark,
respectively. Veff is deﬁned as V0 − Vbias, where V0 is the voltage
at which photocurrent is zero and Vbias is the applied voltage
bias. In Figure 2c, Jph reaches saturation (Jsat) at 2 V, suggesting
the charge recombination reach the minimal level and all the
charge are collected by the electrodes. The charge dissociation
probability (P(E, T)) can be calculated from Jph/Jsat. Under
short-circuit condition, the P(E, T) of INIC, INIC1, INIC2,
and INIC3 based OSCs are 94.5%, 94.1%, 94.2%, and 95.5%,
respectively, indicating eﬃcient charge dissociation and
collection for all four INIC based OSCs.
We also measured the JSC versus light density (P) curves to
study charge recombination behavior (Figure 2d). The
relationship between JSC and P can be described as JSC ∝
Pα.59 If all the charges are swept out and collected by the
electrode before recombination, α should be equal to 1, while α
< 1 means the existence of charge recombination. The α values
of INIC, INIC1, INIC2, and INIC3-based OSCs are 0.983,
0.976, 0.981, and 0.98, respectively, suggesting negligible
bimolecular charge recombination at the short circuit condition.
The hole mobility and electron mobility of the four blended
ﬁlms were measured using the SCLC method (Figure S4). The
FTAZ: ﬂuorinated INIC blends exhibit higher electron mobility
than the FTAZ: INIC blend (Table S4), resembling the trend
in pure INIC series (Table S1). Since hole mobilities of all the
blended ﬁlms are similar (1.8 × 10−4−3.0 × 10−4 cm2 V−1 s−1),
the FTAZ/INIC blend shows unbalanced charge transport (μh/
μe = 13), while the FTAZ/ﬂuorinated INIC blends show more
balanced charge transport (μh/μe = 1.4−2.4). Thus, the higher
electron mobility and more balanced charge transport in the
FTAZ: ﬂuorinated INIC blends are one of the reasons for the
higher JSC and higher FF in these ﬂuorinated INIC-based
devices (Table 2).
Film Morphology and Microstructure. To understand
the active layer morphology, we ﬁrst used atomic force
microscope (AFM) to obtain the height and phase images of
these four active layers (Figure S5). All four active layers (thin
ﬁlms) exhibit smooth surface morphology with a root-mean-
square (RMS) roughness of 0.54−0.9 nm. We next employed
grazing-incidence wide-angle and small-angle X-ray scattering
(GIWAXS and GISAXS) measurements to probe the bulk
morphology of these thin ﬁlms.60,61 Figure 3a shows 2D
GIWAXS patterns of FTAZ/INIC, FTAZ/INIC1, FTAZ/
INIC2, and FTAZ/INIC3 thin ﬁlms. The ﬁlms of FTAZ/INIC,
FTAZ/INIC1, and FTAZ/INIC2 exhibit preferential “face-on”
oriented molecular packing with the lamellar peak located at qr
≈ 0.32 Å−1 and the π−π peak located at qz ≈ 1.7 Å−1 (Figure
3b), which agree with the corresponding peak positions of pure
FTAZ (Figure S6), indicating that the mixing of FTAZ and
INIC/INIC1/INIC2 preserves the favorable “face-on” oriented
FTAZ semicrystalline domains. Interestingly, the GIWAXS
pattern of FTAZ:INIC3 is dramatically diﬀerent: the face-on
oriented domains present a sharp lamella peak at qr ≈ 0.29 Å−1
and a π−π peak at qz ≈1.84 Å−1, agreeing with the
corresponding lattice constants of pure INIC3 (Figure S6).
Figure 2. (a) J−V characteristics and (b) EQE spectra of the best OSCs under illumination of an AM 1.5 G at 100 mW cm−2; (c) Jph versus Veff
characteristics; and (d) JSC versus light intensity of the optimized devices.
Journal of the American Chemical Society Article
DOI: 10.1021/jacs.6b12755
J. Am. Chem. Soc. 2017, 139, 1336−1343
1340
Therefore, the lamella peak appearing at qz = 0.42 Å
−1, clearly
visible in the out-of-plane direction (Figure 3b, right), should
be assigned to “edge-on” oriented FTAZ domains. Notice that
the lattice constant of FTAZ shrinks a lot (d = 2π/q = 15.0 Å)
compared with that of other ﬁlms (d = 19.6 Å), indicating that
the cocrystallization of FTAZ and INIC3 leads to a tighter
packing of FTAZ. Thus, FTAZ/INIC3 blend ﬁlms not only
exhibit highest crystallinity compared with other three
counterparts, but also maintain both FTAZ and INIC3
semicrystalline packings. Although FTAZ domains reorient
into relatively unfavorable “edge-on” orientation, INIC3
domains remain in the favorable “face-on” orientation. This is
consistent with the highest electron mobility and more
balanced electron and hole mobility observed in the FTAZ/
INIC3 blend ﬁlm.
Figures 3c and S7 present 2D GISAXS patterns, GISAXS
intensity proﬁles and best ﬁttings along the in-plane direction of
pure FTAZ, pure acceptors and the FTAZ/acceptor blends. We
adopt the Debye−Anderson−Brumberger (DAB) model, a
polydispersed hard sphere model and a fractal-like network
model61 to account for the scattering contribution from
intermixing amorphous phases, FTAZ domains and acceptor
domains, respectively. The FTAZ domains remain the same for
the four blends (∼4.5 nm) and the acceptor domains are 15.6,
14.5, 23.1, and 17.6 nm for INIC, INIC1, INIC2, and INIC3,
respectively. The correlation lengths of the intermixing phase
are 32.6, 27.0, 39.0, and 42.0 nm for FTAZ/INIC, FTAZ/
INIC1, FTAZ/INIC2, and FTAZ/INIC3, respectively. These
results suggest that the nanoscale phase separation of all four
ﬁlms is in a reasonable range for eﬃcient exciton dissociation.
The stronger crystallinity of INIC3 does not lead to undesirable
micron size aggregation as observed in some small molecule
acceptors with strong crystallinity.62
■ CONCLUSIONS
In summary, four new fused-ring electron acceptors (FREAs),
INIC, INIC1, INIC2, and INIC3, based on a fused-nonacyclic
IBDT core end-capped with nonﬂuorinated or ﬂuorinated IC
were designed and synthesized for application in nonfullerene
OSCs. These four molecules have strong absorption in the
visible and even near-infrared region with high extinction
coeﬃcients of 2.1−2.5 × 105 M−1 cm−1. Three ﬂuorinated
molecules INIC1, INIC2, and INIC3 show red-shifted
absorption and lower HOMO/LUMO energy levels relative
to the nonﬂuorinated INIC due to electron-withdrawing
property of ﬂuorine. The ﬂuorinated molecules, particularly
the diﬂuorinated INIC3, have higher electron mobilities than
INIC without ﬂuorine substitution. FTAZ/INIC3 blend ﬁlms
not only exhibit highest crystallinity compared with other three
counterparts, but also maintain both FTAZ and INIC3
semicrystalline packings, possibly due to ﬂuorine-induced
intermolecular interactions. This is the main reason for the
highest electron mobility and more balanced electron and hole
mobility observed in the FTAZ/INIC3 blend ﬁlm. The
nanoscale phase separation of all the ﬁlms is in a reasonable
range for eﬃcient exciton dissociation, and the stronger
crystallinity of INIC3 does not lead to undesirable micrometer
size aggregation. Since the wide-band-gap polymer donor
FTAZ and the narrow-band-gap INIC series acceptors exhibit
complementary absorption, matched energy levels and matched
mobility, the nonfullerene OSCs based on FTAZ/INIC series
blends exhibit small energy loss of 0.61−0.63 eV, yet eﬃcient
charge dissociation and collection, negligible bimolecular
charge recombination, and ﬁnally high PCEs of 7.7−11.5%.
Fluorination of INIC signiﬁcantly enhances the PCE from 7.7%
to >10%, in particular, the OSCs based on diﬂuorinated INIC3
show the best PCE of 11.5%. These results demonstrate the
great potential of the new IBDT and ﬂuorinated IC building
blocks for constructing high-performance nonfullerene accept-
ors.
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